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ABSTRACT 
 
 The characteristics of TNT crystals in the 
fracture surface of Composition B (a melt-cast 
composition of RDX, TNT and wax) have been 
studied using atomic force microscopy (AFM).  The 
sub-microscopic size of the TNT crystal component is 
revealed by the surface structure that is exhibited after 
mechanical failure.  The failure surfaces are produced 
by subjecting the material to high acceleration in an 
ultracentrifuge under conditions in which the shear or 
tensile strength is exceeded.   
 

AFM examination of the TNT component 
fracture surface topography reveals that essentially 
brittle cleavage has occurred across the very finely-
spaced columnar grains.  The width of the grains 
varies narrowly in size between ~ 1 µm and ~ 2 µm.  
The height elevations of the inclined and stepped 
surfaces range in size between ~ 50 nm to ~ 300 nm.  
Shear-type deformation that has occurred prior to 
cleavage fracture is evidenced in the lowest 
magnification images, that is, for the largest AFM 
scans (8 µm and 13.5 µm).  Specularly cleaved 
column surfaces alternate with ones containing 
profuse river patterns identifying the directions of 
crack growth.  The river pattern markings are 
observed to originate at the boundaries between 
adjacent columns whereas the average profile angles 
between adjacent columnar surfaces are within the 
theoretical limit for dislocations.  The smallest, 
individual, nm-size step heights at the river pattern 
ledges are smaller than the unit cell dimensions of 
either allotropic crystal phase of TNT.  Such steps, 
smaller than unit cell dimensions, may relate to the 
important issue of breaking intramolecular bonds. 
 

1. INTRODUCTION 

 
 Energetic materials are of interest for 
scientific and practical reasons in the extraction 
(mining) industry, structure demolition, space 
propulsion, and ordnance.  In such applications the 
materials can be subjected to high, fluctuating, and/or 
sustained acceleration.  The nature of the fracture 
process of such materials under high acceleration is of 
particular interest, especially in ordnance and 
propulsion applications.  For example, explosives in 
projectiles are subjected to setback forces as high as 
50,000 g (g = 980.6 cm/s2) during the gun launch 
process.  These high setback forces can cause fracture 
and premature ignition of explosives. 
 
 Fundamental understanding of the behavior 
of energetic materials subjected to high acceleration is 
a key to better practical ordnance designs that solve 
the problems of abnormal propellant burning and 
premature ignition of explosives during gun launch.  
An energetic material will experience a pressure 
gradient during acceleration in the gun, as well as 
under g-loading in a laboratory experiment in an 
ultracentrifuge.  The pressure gradient that is 
experienced by the explosive during acceleration in 
the gun and under g-loading in the ultracentrifuge is 
unique and will produce different kinds of behavior 
and failure than under other material test conditions.  
This work is particularly relevant to the future 
development of insensitive energetic materials to be 
used in devices with higher acceleration. 
 
 Because of the general importance of the 
topic, the mechanical behavior of energetic materials 
during high acceleration has been studied by using an 
ultracentrifuge (Lanzerotti and Sharma, 1981; 
Lanzerotti et al., 1993, 1996, 1997; Meisel et al., 
2000) and appropriate diagnostic techniques.  This 
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includes study of the characteristics of the fracture 
surfaces of the materials. Several important new 
discoveries have been made in the course of studies of 
the topography of the fracture surfaces of energetic 
materials using fractal (Lanzerotti et al., 1997) and 
self-affine (Meisel et al., 2000) data analysis 
techniques.  Through diamond stylus profilometer 
measurement and fractal analysis of spatial power 
spectra of fracture surface profiles of melt-cast TNT 
and TNT formulations in the spatial frequency range 
of 1 mm-1 to 10 mm-1 (spatial wavelengths 1 mm to 
0.1 mm), predominantly deterministic intergranular 
failure has been found to occur when the shear or 
tensile strength of the explosive is exceeded 
(Lanzerotti et al., 1993).  AFM topography 
measurements and power spectral analysis of the data 
in the spatial frequency range of 1 µm-1 to 102 µm-1 
(spatial wavelengths 1 µm to 0.01 µm) also 
demonstrate deterministic fracture (Lanzerotti et al., 
1997). 
   

Curved reference surfaces are used to 
perform height correlation function-based self-affine 
fractal analysis of textures in cases that cannot be 
analyzed with respect to flat reference surfaces.  
Employing curved local reference surfaces, self-affine 
fractal analysis has been used to characterize scaling 
on curved TNT fracture surfaces (Meisel et al., 2000).  
SEM studies of the pro-eutectic RDX crystal 
constituents in the fracture surface of Composition B 
have been performed and reported previously by 
others (Smith and Thorpe, 1973) but attempts to 
observe details in the fracture surfaces of the eutectic 
TNT constituent have been described previously as 
too fine to be resolved. 

 
Previously, RDX crystals have been grown 

during high acceleration (200,000 g) in the 
ultracentrifuge (Lanzerotti et al., 1996).  AFM studies 
of these RDX crystals have shown that they have 
fewer defects than RDX crystals grown at 1 g (Sharma 
et al., 2001). 
 

2. EXPERIMENTAL 
 
 A Beckman ultracentrifuge model L8-80 with 
a swinging bucket rotor model SW 60 Ti is used to 
rotate the sample under study up to 60,000 rpm (about 
500,000 g).  The distance of the specimen from the 
axis of rotation, between 6 and 12 cm, can be chosen 
as a variable. 
 
 Samples are prepared as follows.  Cylindrical 
polycrystalline plugs of explosive are prepared by 
pouring about one-half gram of the material into 9-
mm internal diameter polycarbonate or steel tubes and 

allowing the material to crystallize.  The open-ended 
sample tube is then joined to a short, closed-end 
polycarbonate centrifuge tube.  The as-cast surface of 
the explosive faces away from the axis of the rotation. 
 
 The sample experiences a time rate of change 
of the acceleration up to a maximum acceleration.  
The sample then remains at this maximum 
acceleration for an interval such that for each run there 
is a combined total elapsed time of five minutes.  The 
sample then decelerates smoothly to zero acceleration.  
The initial maximum acceleration is less than the 
fracture acceleration for the material.  The maximum 
acceleration for the sample is then increased 
systematically in each successive five-minute run.  
The sample fractures when the shear or tensile 
strength of the material is exceeded.  At this time, 
particles break loose from the surface exposed to the 
acceleration and transfer to the closed-end tube.  A 
hemispherical fracture surface is formed on the 
sample. 
 
 In this present study, a Nanoscope III atomic 
force microscope was used to measure the topography 
of the Composition B fracture surface.  The oxide 
sharpened silicon nitride cantilevers have tips with a 
radius of about 10 nm.  Long thin cantilevers with a 
force of about 20 nN were used. 
 

2. RESULTS 
 
 Composition B is a melt-cast composition of 
59% cyclotrimethylenetrinitramine (RDX), 40% TNT 
(trinitrotoluene) and 1% wax.  TNT melts at 80.9ºC 
(Dobratz and Crawford, p. 19-143, 1985).  RDX melts 
with decomposition at 205ºC (Dobratz and Crawford, 
p. 19-131, 1985).  Composition B is cast as a slurry of 
solid RDX in molten TNT (Smith and Thorpe, 1973).  
RDX dissolves in molten TNT; the eutectic is 4.16% 
RDX at 79ºC (Federoff and Sheffield, 1966).  
Microscopical hot stage observations have been 
reported for RDX/TNT mixtures (Williamson, 1958).  
The minor RDX constituent of the eutectic 
composition was observed to form as particles 
between the lath-like, or now-termed columnar, 
crystals of the major TNT eutectic constituent. 
  

Scanning electron microscopy (SEM) studies 
of the fracture surface of Composition B have 
revealed the characteristics of the RDX fracture 
surfaces (Smith and Thorpe, 1973).  The RDX crystals 
range in size from ~ 100 µm to ~ 1,000 µm as 
specified (Lanzerotti, et al., 1993).  Fracture surfaces 
of RDX crystals and “river patterns” (Hull, 1999) 
showing direction of crack growth have been observed 
using SEM techniques (Smith and Thorpe, 1973).  
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SEM attempts to view the fine surface detail of TNT 
in the Composition B fracture surface were 
unsuccessful (Smith and Thorpe, 1973).  Although the 
original work was carried out some time ago, the 
characteristics of TNT crystals remain a subject of 
investigation in melt-cast TNT formulations that are 
filled with a large percentage of RDX. 

 
The size of  TNT crystals in a Composition B 

fracture surface has been determined in this work by 
analyzing with an AFM the surface structure that is 
exhibited after mechanical failure of the Composition 
B at high acceleration in an ultracentrifuge.  The 
sample of melt-cast Composition B used for the AFM 
studies fractured at 46,000 g at 25ºC.  AFM 
examination of the topography of the fracture surface 
of the Composition B reveals fracture that occurs 
across columnar grains of the TNT.  An AFM scan of 

TNT columnar grains in the Composition B fracture 
surface is shown in Figure 1.  The AFM scan sizes 
were increased in steps from 2 µm to 13.6 µm with the 
maximum scan size ultimately limited by the 
curvature of the fracture surface. 

 
Each three-dimensional AFM scan consists 

of 512 uniformly spaced height profiles.  For the AFM 
scan discussed here, the horizontal spacing of the 
successive profiles is the 4.0 µm scan width divided 
by 511 spaces or 8 nm.  Each height profile is 
composed of 512 uniformly spaced (8 nm) height 
values.  The first data point is the lower left hand 
corner of a scan (e.g., Fig. 1).  The second profile then 
begins above the first data point.  The last point in the 
final profile corresponds to the upper right hand 
corner data point.   

 

 Figure 1. 4.0 µm AFM scan of TNT columnar  
          grains in Composition B fracture surface 

 
The measured width and height of the TNT 

columnar grains are given as a function of the AFM 
scan sizes in Table I.  The data were measured from 
the first profile of each TNT AFM scan. The compiled 
data in Table I show that the width of the columnar 
TNT grains ranges from ~ 1 µm to ~ 2 µm.  The 
height of the columnar TNT grains ranges in size from 
~ 50 nm to ~ 300 nm.  To the best of our knowledge, 
values of these quantities for TNT in Composition B 

have not been reported before and were said to be 
unsuccessfully looked for (Smith and Thorpe, 1973).  
The microstructure of the matrix of TNT is normally 
one of highly oriented columnar grains (Smith and 
Thorpe, 1973).  Therefore, the results of Table I 
suggest that the AFM scans are measurements of the 
fracture across TNT columnar grains in Composition 
B. 

 
Table I.  TNT columnar grains in AFM scans 
_____________________________________________________________________________________________ 
Scan size (µm)  TNT columnar grains  Width (µm)  Height (nm) 
_____________________________________________________________________________________________ 
 2.0   2    1  60-300 
 4.0   4    1  50-300 
 8.0   5    1-2  100-300 
 13.6   7    1-2  100-300 
_____________________________________________________________________________________________ 
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The fracture surface microstructure of the 
TNT grains of Figure 1 show flat TNT columns 
alternating with TNT columns containing river 
patterns.  The river patterns provide information on 

the direction of the crack growth of the fracture 
surface (Hull, 1999).  In Figure 1, the  crack growth is 
from the top to the bottom of the Figure. 

  
  

The 512 height points from profile 99 of the 
4 µm scan of TNT are broken into five segments of 
100 points (800 nm lengths) each.  These segments are 
shown in Figures 2a - 2e.  The steps in the river 
patterns are evident in these figures. The steps in the 
river patterns are a few nanometers in depth.  From 
the profile measurements, the slope of the large facet 
in Figure 2a is ~ -1lo and the individual stepped risers 

are < 1 nm in height.  The first inclined facet near to 
the Figure 2b origin is at ~ llo, terminating in step 
risers of ~ 1-3 nm; and, likewise, the slopes in Figure 
2c are ~ -11o and ~ 7o.  These angles are within the 
theoretical limit for dislocations.  The small angular 
inclinations between adjacent average fracture facet 
orientations are exaggerated, of course, by the vertical 
height sensitivity of the AFM technique/method. 

 
 
 
 
 
 
 
 

Distance, nm 
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160              320              480               640         800 

 
Figure 2a.  Composition B Fracture Surface, Profile 99, 4.0 µm Scan Section 
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Figure 2b.  Composition B Fracture Surface, Profile 99, 4.0 µm Scan Section 
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Figure 2c.  Composition B Fracture Surface, Profile 99, 4.0 µm Scan Section 
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Figure 2d.  Composition B Fracture Surface, Profile 99, 4.0 µm Scan Section 
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 Figure 2e.  Composition B Fracture Surface, Profile 99, 4.0 µm Scan Section 
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4. DISCUSSION 
 
 Several factors have been considered in 
explaining, in the first place, why the TNT columnar 
grain morphology should be so finely spaced and, 
then, why the cleavage morphology should occur on 
an even finer scale.  One promising possibility relates 
to the complication of there being two kinds of TNT 
molecules, designated A and B, occurring within 
several monoclinic or orthorhombic unit cell 
structures (Miller and Garroway, 2001).  Also, the 
monoclinic form(s), mostly assumed to be the ones 
present at low temperature, are known to exhibit 
copious twinning across the (100) plane with 
extension in the [001] direction, forming a re-entrant 
corner at the common (100) twin interface.  The half-
unit cell structure on either side of the (100) interface 
forms the new unit cell structure, apparently, of the 
orthorhombic lattice specification (Gallagher et al., 
1997; Gallagher, et al., 2003).  Such unit cell 
structures, each involving eight molecule positions, 
have representative lattice parameters of ~ 0.6, ~ 1.5, 
and ~ 2.0 - 2.1 nm lengths.  No identification of 
potential cleavage planes are given in Miller and 
Garroway (Miller and Garroway, 2001).  TNT is 
known to be relatively ductile compared to the other 
listed energetic materials and shear deformation 
before fracture is observed in the largest AFM scans 
(not shown here). 
  
 The preferred [001], or c-axis, growth of 
TNT crystals has been reported even within high 
concentration RDX/TNT castings (Chick, et al., 
1970).  A promising explanation for occurrence of the 
long columnar TNT crystals relates to expectation of 
preferred monoclinic crystal growth along the [001] 
direction in accordance with a molecular re-entrant 
corner process of molecular attachment (Seidensticker 
and Hamilton, 1963).  Alternatively, such preferred 
columnar growth may relate to allotropic connection 
with the epitaxially related orthorhombic structure.  
Further research is needed on this aspect of the present 
observations.  Such crystallographic connection also 
relates to the observation in Figure 1 that the river 
pattern markings often seem to originate at the 
smooth/stepped border between presumed adjacent 
crystal morphologies, also occurring in repetitive 
pattern.  The boundary between the cleaved TNT 
columns and the TNT columns containing river 
patterns is the (100) plane. 
 
 Lastly, we note that the smallest individual 
step heights measured at the river pattern ledges are 
smaller than the unit cell dimensions that are given.  
Such observation was made for cleavage step heights 
on shocked RDX crystals (Sharma, et al., 2001).  

Here, we suggest that such smaller step heights might 
be accounted for by partial dislocation Burgers vectors 
that penetrate the cleavage surface or by only a 
component of the actual unit dislocation Burgers 
vector being normal to the cleavage plane.  The 
observation is important in understanding the 
influence of mechanical forces on the detonation of 
energetic materials  because such liberated energy 
comes from intramolecular decomposition, not from 
fracturing of the weaker molecular crystal bonds.  
Thus, observation of a nanofractured cleavage 
structure gives indication that such fracturing relates 
to the length scale of individual molecules being 
separated from one another, perhaps, in certain cases, 
in association with the possible breaking even of 
individual intramolecular bonds.         
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